Context: Nonislet cell tumor hypoglycemia (NICTH) is a rare but serious paraneoplastic syndrome associated with large tumors. The high molecular weight IGF2, known as "big" IGF2, is produced by culprit tumors and leads to severe hypoglycemia. The detailed mechanism of its production in NICTH, however, remains unclear.
Conclusion:
In patients with SFT and hypoglycemia, an imbalance of IGF2 and PCSK4 expression could lead to increased serum levels of big IGF2. (J Clin Endocrinol Metab 103: [2728] [2729] [2730] [2731] [2732] [2733] [2734] 2018) N onislet cell tumor hypoglycemia (NICTH) is a rare but serious paraneoplastic syndrome associated with large tumors (1) . Although it is well known that a wide variety of tumor types can give rise to NICTH (2) , tumors of mesenchymal origin are reported to be the most common cause of NICTH (3) . High molecular weight IGF2, known as "big" IGF2, is produced by these tumors and leads to severe hypoglycemia through the activation of insulin receptors. The detailed mechanism of the production of big IGF2 in NICTH, however, remains unclear.
IGF2 is a 7.5-kDa peptide, consisting of 67 amino acid residues, and is derived by post-transcriptional processing of the precursor molecule pro-IGF2 (4).
Proprotein convertase subtilisin/kexin type 4 (PCSK4) is thought to be a critical pro-IGF2 convertase, and its transcripts are detectable in reproductive tissues, such as the testes, ovaries, and placenta (5) . An in vitro study of HTR8/SVneo cells showed that specific inhibition of PCSK4 caused the accumulation of big IGF2 (6) . Moreover, in a previous case report of NICTH, expression of PCSK4 mRNA in the tumor tissue was decreased compared with that in normal placental tissue (7) . These reports indicate that even in most cases of NICTH, the post-transcriptional processing of pro-IGF2 is thought to be impaired, resulting in the production of a variety of pro-IGF2 peptides, namely big IGF2, that range in size from 11 to 18 kDa. However, there are no studies comparing pro-IGF2 processing with and without NICTH.
Among mesenchymal tumors, solitary fibrous tumor (SFT) is one of the most frequently associated with NICTH (3). It is a rare soft tissue neoplasm, with an incidence of ;0.2 per 100,000/year (8) . Although SFT has been reported at almost every extrapleural anatomic site, the most common sites from which SFTs arise are the pleura and abdomen (9) . Histologically, SFT characteristically appears as a circumscribed tumor comprising variably cellular and patternless distributions of bland spindle to ovoid cells within a prominent collagenous stroma, with diffuse expression of CD34 (10) . Recent reports have shown that the pathogenesis of SFT is consistently associated with NAB2-STAT6 fusion genes. This gene fusion can convert a transcriptional repressor (NAB2) into a transcriptional activator (NAB2-STAT6) of mitogenic pathways that can lead to elevated expression levels of early growth response 1 (EGR1) target genes, including IGF2, H19, and RRAD (11).
We recruited 14 patients with SFT and divided them based on the presence or absence of hypoglycemia. To elucidate the mechanisms of production of big IGF2, in light of the processing of pro-IGF2 in patients with SFT and NICTH, we, retrospectively, evaluated and compared the production levels of big IGF2 with the expression levels of IGF2 and PCSK4 between the two groups.
Materials and Methods
This retrospective study was approved by the Wakayama Medical University Ethics Committee, and all patients were enrolled after giving informed, written consent. in this study. Their tumors were identified by CT, and all patients were histologically diagnosed with SFT by a preoperative biopsy. The pathological diagnosis of SFT was confirmed by two or more pathologists in each hospital, based on the tumor's characteristic histological appearance, including the diffuse expression of CD34 and signal transducer and activator of transcription 6 (STAT6)-positive staining in tumor cell nuclei (10, 12) . The clinical data of all 14 patients in this study are shown in Supplemental Table 1 . Nine (#1 to #9) of the 14 patients had no episodes of hypoglycemia during their clinical course, whereas the five remaining patients (#10 to #14) exhibited symptoms of severe hypoglycemia. The former nine patients were defined as the non-NICTH group, and the latter five patients were defined as the NICTH group. Preoperative sera were available in eight patients (#1 to #5 and #10 to #12). Frozen, resected tumor tissues were available in six patients (#1 to #3, #5, #10, and #11), and formalin-fixed, paraffinembedded (FFPE) tissues were available in 12 patients (#1 to #3, #5 to #11, #13, and #14).
Patients

Clinical data
Serum glucose (GA08 III; A&T Co., Kanagawa, Japan), HbA1c (HLC-723; Tosoh Co., Tokyo, Japan), immunoreactive insulin (IRI; AIA-CL2400; Tosoh Co.), GH (Daiichi Radioisotope Laboratory, Tokyo, Japan), and IGF1 (Daiichi Radioisotope Laboratory) were measured by commercially available assays before tumor resection. Serum IGF2 concentrations were measured using human IGF2 ELISA (RMEE30; Mediagnost, Reutlingen, Germany), according to the manufacturer's instructions. Absorbance was measured at 450 nm in a microplate reader, and the average values were calculated for each set of triplicate samples. The tumor volume of each patient except patient #4 was calculated using CT data as follows: [tumor volume (cubic centimeters)] = [major axis (centimeters)] 3 [minor axis (centimeters)] 2 3 0.5. The tumor volume of patient #4 could not be calculated because of multiple postoperative bone metastases and no primary lesion.
Western immunoblotting analysis (the detection of serum big IGF2)
In eight patients with SFT (#1 to #5 and #10 to #12), western immunoblotting (WIB) of IGF2 in preoperative serum was performed, according to the modified methods of Enjoh et al. (13) . In brief, 87.5% acid-ethanol-extracted serum samples were electrophoresed on 15%/5% SDS-PAGE gel under nonreducing conditions. The size-fractioned proteins were electroblotted onto a nitrocellulose sheet. The sheet was blocked with 5% skim milk in Tris-buffered saline-Tween 20 and then incubated with anti-IGF2 antibody (05-166; MilliporeSigma, St. Louis, MO). After extensive washing, the sheet was incubated with horseradish peroxidase-conjugated anti-mouse IgG, and then IGF2-anti-IGF2 antibody complexes were detected with ImmunoStar LD (290-69904; Fujifilm Wako Pure Chemical, Chuo-Ku, Osaka, Japan). The band intensities of IGF2 were calculated using CS analyzer version 3.00.1023 (ATTO Co., Ltd., Tokyo, Japan).
qRT-PCR, RT-PCR, and sequencing
In six patients with SFT (#1 to #3, #5, #9, and #10), total RNA was extracted from the resected tumors by Trizol Reagent (15596026; Thermo Fisher Scientific, Waltham, MA), and cDNA was synthesized by TaqMan RT Reagents (N808-0234; Thermo Fisher Scientific), following the methods used by Uraki et al. (14) . IGF2 and PCSK4 mRNA levels were quantified with real-time quantitative RT-PCR (qRT-PCR) using fluorescent SYBR Green technology (4309155; Thermo Fisher Scientific). PCR primers were synthesized (Japan Bio Services Co., Ltd., Saitama, Japan). Human IGF2 primers for RT-PCR were the following: sense strand 5 0 -TCCTCCCTGGACAATCAGAC-3 0 and anti-sense strand 5 0 -AGAAGCACCAGCATCGACTT-3 0 . Human PCSK4 primers were the following: sense strand 5 0 -GACCTGGAGATCTCGCTCAC-3 0 and anti-sense strand 5 0 -ACGTCCCCGTGTTGAAATAG-3 0 . The mRNA level of each target sequence was normalized by the GAPDH mRNA level, which was used as an endogenous, internal control. Human GAPDH primers were the following: sense strand 5 0 -GAAGGTGAAGGTCGGAGTCA-3 0 and anti-sense strand 5 0 -GAAGATGGTGATGGGATTTC-3 0 . Furthermore, RT-PCR, for the detection of NAB2-STAT6 fusion transcripts, was performed. NAB2 exon 4 forward primer was the following: 5 0 -CCCTCCACTGAAGAAGCTGA-3 0 . STAT6 exon 3 reverse primer was the following: 5 0 -AGCCAGTCACCCAGAAG-ATG-3 0 . All of the NAB2-STAT6 fusion transcripts were sequenced using a BigDye Terminator v3.1/1.1 Cycle Sequencing Kit and an ABI Prism 3130 GeneticAnalyzer (Thermo Fisher Scientific).
Immunohistochemistry
Sections (4 m) were prepared from FFPE tissue blocks of 12 patients with SFT (#1 to #3, #5 to #11, #13, and #14). For each patient, one section was stained with hematoxylin and eosin to confirm the presence of representative tumor cells in each core. Immunostaining was performed, according to the methods of Uraki et al. (15) , using the peroxidase substrate kit 3,3 0 -diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA). Each section from the 11 patients was stained with anti-STAT6 antibody (sc-621; Santa Cruz Biotechnology, Dallas, TX). Strong and diffuse nuclear expression of STAT6, a specific feature of SFT, was identified. Sections were also stained with an anti-IGF2 goat polyclonal antibody (AF-292-NA; R&D Systems, Minneapolis, MN) and an anti-PCSK4 rabbit polyclonal antibody (NBP1-88010; Novus Biologicals, Littleton, CO). The anti-IGF2 antibody recognizes both big IGF2 and mature IGF2. The mean intensity of DAB-stained cells in one field of view, selected at random, was measured by microscope (BZ-X700; Keyence, Tokyo, Japan). 
Statistical analysis
All data were analyzed using JMP Pro 13 for Windows (SAS Institute Japan, Tokyo, Japan). Student's t tests were used for comparing the means of two independent or paired samples. P , 0.05 was regarded as statistically significant.
Results
Age, sex, laboratory data, and tumor volume were compared between the NICTH and non-NICTH groups (Table 1 ). In the NICTH group, fasting plasma glucose (42 6 19 mg/dL) was significantly lower than in the non-NICTH group (91 6 12 mg/dL; P , 0.001). HbA1c was also significantly lower (4.8 6 0.5% vs 5.8 6 0.3%, respectively; P = 0.001), as was the serum IRI level (0.6 6 0.4 mU/mL vs 5.6 6 3.8 mU/mL, respectively; P = 0.020) and the IGF1 level (58 6 45 ng/mL vs 130 6 46 ng/mL, respectively; P = 0.047). The serum IGF2 concentration in the NICTH group was also significantly lower than in the non-NICTH group (487 6 145 ng/mL vs 681 6 72 ng/mL, respectively; P = 0.041), suggesting that this ELISA kit mainly measured mature IGF2. Tumor size was significantly larger in the NICTH group than in the non-NICTH group (2500 6 1600 cm 3 vs 180 6 290 cm 3 , respectively; P = 0.002). Except patient #2, all patients with SFT showed a gene fusion between NAB2 exon 4 and STAT6 exon 3 ( Fig. 1A and  1B) . All of the transcript fusions were at defined exon boundaries (Fig. 1C) .
In eight patients with SFT (five without NICTH and three with NICTH), whose preoperative serum was available, WIB analysis was performed to investigate the serum levels of big IGF2 ( Fig. 2A) . As in previous reports, in all three patients with NICTH, most IGF2 was detected at 11 to 18 kDa (big IGF2), with a small amount observed at 7.5 kDa (mature IGF2). Interestingly, the non-NICTH group included two patients (#4 and #5) in whom serum big IGF2 was obviously detected. The band intensity of IGF2 was significantly greater in the NICTH group than the non-NICTH group (P = 0.004; Fig. 2B ). The intensity of mature IGF2 in the NICTH group, however, was significantly suppressed (P = 0.042; Fig. 2C ). In the NICTH group, the big IGF2/mature IGF2 intensity ratio was significantly higher than in the non-NICTH group (P = 0.012; Fig. 2D ). These results indicate that the processing of pro-IGF2 in patients with NICTH is much more impaired than in patients without NICTH.
Furthermore, in six patients with SFT (two with NICTH and four without NICTH), whose postoperative, frozen tumor tissues were available, qRT-PCR was performed to evaluate the gene-expression levels in tumor tissues of IGF2 and PCSK4, the latter of which is a proteolytic enzyme of pro-IGF2. The expression level of production-level ratio between the non-NICTH group and the NICTH group. P values were obtained using the t test; P , 0.05 was accepted as significant in all panels.
IGF2 mRNA in the NICTH group was 8.2-fold higher than in the non-NICTH group (P = 0.092; tentative value because of the limited number of samples; Fig. 3A) . The expression level of PCSK4 mRNA in the NICTH group was 0.48-fold lower than in the non-NICTH group (P = 0.217; tentative value; Fig. 3B ). The IGF2/PCSK4 expression ratio in the NICTH group was 10.4-fold higher than in the non-NICTH group (P = 0.006; tentative value; Fig. 3C ). These results indicate that an imbalance of IGF2 and PCSK4 expression leads to impaired processing of pro-IGF2, resulting in the production of big IGF2 by tumor tissues. In the 12 patients with SFT whose FFPE tissues were available, immunohistochemistry for IGF2 and PCSK4 was performed, and protein expression levels were evaluated to measure the intensity of DAB-stained cells. The protein expression level of IGF2 was significantly higher in the NICTH group than in the non-NICTH group [51.4 (49.6 to 53.2) vs 38.4 (34.4 to 42.4), respectively; P = 0.043; Fig. 4C ]. Although the protein expression level of PCSK4 in the NICTH group was lower than in the non-NICTH group [16.8 (14. 6 to 19.0) vs 24.1 (20.0 to 28.2), respectively; P = 0.228; Fig. 4D ], the expression levels were not significantly different between the two cohorts. As with the results of qRT-PCR, the IGF2/ PCSK4 protein expression ratio in the NICTH group was significantly higher than in the non-NICTH group [3.3 (2.8 to 3.8) vs 1.8 (1.5 to 2.1); P = 0.021; Fig. 4E ]. These results also support the hypothesis that an imbalance of IGF2 and PCSK4 expression impairs the processing of pro-IGF2, contributing to the production of big IGF2 by tumor tissues.
Discussion
Although most SFT cases demonstrate an overproduction of IGF2 (16), hypoglycemia has been reported to emerge in only 4% of patients with SFT (17) . Many studies have demonstrated that the presence of big IGF2 in the serum is a crucial factor for developing hypoglycemia in cases of NICTH (18, 19) . In this study, we sought to identify the underlying mechanism responsible for big IGF2 production in patients with SFT by analyzing these patients separately on the basis of the presence or absence of hypoglycemia. Consistent with previous reports, we detected big IGF2 in the serum of all patients with NICTH. Meanwhile, we initially expected that big IGF2 would not be identified in the serum of patients without NICTH. Contrary to our expectations, big IGF2 was observed in the serum of two patients with SFT without hypoglycemia. These patients may not have developed hypoglycemia, as the serum levels of big IGF2 were significantly lower than in patients with NICTH, as shown by WIB analysis.
The precise mechanism by which big IGF2 appears in the serum of patients with NICTH remains unclear. At least three factors are thought to be necessary for the secretion of big IGF2: (1) overproduction of pro-IGF2; (2) decreased expression or activity of PCSK4, a proteolytic enzyme of pro-IGF2; and (3) decreased big IGF2 clearance from the circulation.
Increased tumor production of pro-IGF2 contributes to elevated levels of big IGF2 in the serum. With regard to SFT specifically, a recent study showed that NAB2-STAT6 gene fusion, which is involved in the pathogenesis of SFT, induced the expression of EGR1 target genes, including IGF2, H19, and RRAD (11). We confirmed the NAB2 exon 4-STAT6 exon 3 fusion in 11 of 12 patients. Previous reports showed that this fusion variant corresponded to classic pleuropulmonary SFT, as we found in the current study (12, 20) . IGF2 mRNA expression levels in patients with SFT and NICTH were markedly elevated, and a significant positive correlation between STAT6 and IGF2 mRNA expression levels was observed in our study (data not shown). These results suggest that NAB2-STAT6 gene fusion causes overproduction of pro-IGF2 in patients with SFT patients. Regarding NAB2-STAT6 gene fusion, different variants are recently described, and those are thought to be associated with the expression levels of IGF2 in SFT. In our study, however, as the tumors of all patients but patient #2 had the same fusion gene, we found no correlation between fusion variants and increased serum big IGF2.
With respect to patients with NICTH who have tumors other than SFT, loss of imprinting of the IGF2 gene was reported to be associated with increased IGF2 expression (21, 22) . Tumor overproduction of pro-IGF2 might exceed the capacity of the pro-IGF2 processing enzyme, resulting in the appearance of unprocessed IGF2 or big IGF2 in the serum. If big IGF2 were produced through this mechanism, then a certain amount of mature IGF2 should also be detected in the serum of patients with NICTH. In the current study, however, WIB analysis showed lower serum levels of mature IGF2 in patients with NICTH than in patients without NICTH, and serum IGF2 concentrations were also significantly lower. It seems that tumor overproduction of pro-IGF2 may not be the only cause of big IGF2 in the serum of patients with NICTH.
In the current study, the big IGF2/mature IGF2 serum ratio in the NICTH group was significantly higher than in the non-NICTH group, indicating that the processing of pro-IGF2 is impaired in patients with NICTH. Decreased expression of PCSK4 mRNA in tumor cells might be associated with increased serum big IGF2 in patients with NICTH. A previous case report of NICTH showed lower expression of PCSK4 mRNA in SFT tissue than in normal placental tissue (7). Moreover, Qiu et al. (6) demonstrated that intracellular pro-IGF2 processing was blocked by a PCSK4-specific inhibitor. However, both mRNA and protein expression levels of PCSK4 in the NICTH group were similar to those in the non-NICTH group in the current study. Although overexpression of EGR1, as a result of the NAB2-STAT6 fusion gene, is part of the pathogenesis of SFT, we could not find the EGR1 binding site within at least 5 kb of the 5 0 -upstream sequence of PCSK4. A previous report identified 16 genes, including Rad, EF-1A2, NSE, PDGF-A, TGF-B1, as well as IGF2 as EGR1 target genes (23) . However, to our best knowledge, there was no report that these molecules regulate PCSK4 expression. These findings suggest that increased serum big IGF2 is not a result of an absolute decrease of PCSK4 mRNA expression but a result of decreased activity of the processing enzyme PCSK4. We could not examine enzymatic activity using frozen tumor samples. Therefore, further studies are needed to ascertain whether PCSK4 activity is reduced in NICTH tumors. Type 2 IGF receptor plays a role in the clearance of IGF2 from the circulation. It is known that big IGF2 binds less readily to type 2 IGF receptor than mature IGF2 (24) . Therefore, in patients with SFT and hypoglycemia, the clearance of big IGF2 might be decreased, which could lead to increased serum levels of big IGF2.
The limitation of the current pilot study should also be noted; because of the retrospective single-center analysis, the sample size of this study was too small to show statistical significance adequately. Therefore, additional prospective studies with a large cohort are needed.
In conclusion, we demonstrated an imbalance between IGF2 and PCSK4 expression in patients with SFT and hypoglycemia, which is associated with the increased levels of big IGF2 in their serum. Further studies are needed to evaluate PCSK4 activity in NICTH tumors. We also showed that some patients without hypoglycemia could nonetheless have a small amount of big IGF2 in their serum.
